A proteomic approach was developed for the identification of membrane-bound proteins of Arabidopsis thaliana. A subcellular fraction enriched in vacuolar membranes was prepared from 4-week-old plants and was washed with various agents to remove peripheral membrane proteins and contaminating soluble proteins. The remaining membrane-bound proteins were then subjected to proteomic analysis. Given that these proteins were resolved poorly by standard two-dimensional gel electrophoresis, we subjected them instead to SDS-polyacrylamide gel electrophoresis and to protein digestion within gel slices with lysylendopeptidase. The resulting peptides were separated by reverse-phase high-performance liquid chromatography and subjected to Edman sequencing. From the 163 peptide peaks analyzed, 69 peptide sequences were obtained, 64 of which were informative. The proteins corresponding to these peptide sequences were identified as belonging to 42 families, including two subfamilies, by comparison with the protein sequences predicted from annotation of the A. thaliana genome. A total of 34 proteins was identified definitively with protein-specific peptide sequences. Transmembrane proteins detected in the membrane fraction included transporters, channels, receptors, and unknown molecules, whereas the remaining proteins, categorized as membrane-anchored proteins, included small GTPases, GTPase binding proteins, heat shock protein 70-like proteins, ribosomal proteins, and unknown proteins. These membrane-anchored proteins are likely attached to membranes by hydrophobic anchor molecules or through tight association with other membrane-bound proteins. This proteomic approach has thus proved effective for the identification of membrane-bound proteins.
Introduction
Genomics and proteomics are complementary in the insight that they provide into the structure and function of all the proteins expressed by a given organism. The complete genome sequences of more than 90 organisms, including the high-precision sequence of the higher plant Arabidopsis thaliana, 1 and the preliminary sequences of rice (Oryza sativa L.), 2, 3 have been determined to date. In parallel with the increase in the availability of genomic data, proteomic analyses in many organisms, especially in those whose genomes have been sequenced, have contributed to knowledge of the abundance, subcel-lular localization, and posttranscriptional modification of proteins. 4, 5 Most such analyses have been performed with two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), given that its high resolution allows the separation of several hundred proteins in a single gel. In this approach, proteins are separated on the basis of their charge in the first dimension (isoelectric focusing) and on the basis of their molecular size in the second dimension (SDS-PAGE). A major drawback of 2D-PAGE, however, is the poor separation of hydrophobic proteins, including membrane-bound proteins, that is achieved in the first dimension. Thus, much less information is available for membrane-bound proteins than for soluble proteins.
5−7
Membrane-bound proteins are categorized into three classes according to the nature of their association with the membrane: (1) Transmembrane proteins contain one or more membrane-spanning hydrophobic se-quences. (2) Membrane-anchored proteins associate with the membrane through hydrophobic moieties, such as lipids, that are attached by posttranslational modification. (3) Peripheral membrane proteins associate weakly with other membrane-bound proteins through electrostatic or hydrophobic interactions.
Transmembrane proteins, which include transporters, channels, and receptors, are estimated to represent ∼30% of all proteins in organisms whose genomes have been sequenced. 8 In A. thaliana, the number of transmembrane proteins is estimated to be between 4000 (15%) and 8000 (30%), depending on the computer program used. 1 Various types of membrane-anchored proteins have been identified in most organisms, including plants. Such proteins expressed at the plasma membrane include signal transduction molecules, such as small GTPases and protein kinases, whereas those anchored at intracellular membranes include molecules that contribute to the regulation of vesicular trafficking.
9−11 Peripheral membrane proteins mostly include members of multicomponent complexes, such as the photosynthetic apparatus and vacuolar type H + -ATPase (V-ATPase) in plants. Given that they are resolved well by 2D-PAGE, large numbers of peripheral membrane proteins have been identified in many organisms, in contrast with the limited information available for transmembrane and membrane-anchored proteins. As in other organisms, most membrane-bound proteins of plants identified by 2D-PAGE are classified as peripheral proteins, with only a few having been found to contain transmembrane domains. 6 Intracellular membranes compartmentalize the cell for functions such as energy generation (mitochondria), photosynthesis (chloroplasts), and accumulation or lysis of various molecules (vacuoles). The membranes of such organelles contain distinct proteins that contribute to their specific functions. The proteins of mitochondria and chloroplasts, which can be isolated to a high purity, have been well characterized. In contrast, the difficulty of isolating vacuoles at high purity has impeded the biochemical characterization of vacuolar membrane proteins. This inner compartment of plant cells accumulates various organic and inorganic molecules. In well-developed plant tissues, the volume of the vacuole constitutes >90% of total cell volume and most cellular molecules are sequestered in this compartment. The movement of molecules across the vacuolar membrane (known as the tonoplast) thus plays an important role in cellular homeostasis. Major vacuolar membrane proteins, including water channels (tonoplast intrinsic proteins, or TIPs), V-ATPase, the vacuolar H + -pyrophosphatase (VPPase), antiporters, and a Zn 2+ transporter, have been characterized, 12 whereas other less abundant vacuolar membrane proteins are less well understood. Proteins of the endoplasmic reticulum (ER) membrane also remain to be identified in plants.
We have now prepared a low-density membrane fraction of A. thaliana in which vacuolar membrane proteins are enriched. We removed the peripheral membrane proteins from this fraction, leaving the proteins that are tightly associated with the membrane, and then determined the sequences of peptides derived from these membrane-bound proteins. The proteins were identified by comparing the peptide sequences with the protein sequences predicted from the A. thaliana genome. The identified proteins include both transmembrane and membrane-anchored proteins.
Materials and Methods

Plant material
A. thaliana (accession Columbia) was cultivated under controlled conditions (light intensity of ∼100 µE m −2 s −1 for 16 hr per day, 50% relative humidity, constant temperature of 24
• C). Leaves and stems were harvested ∼4 weeks after sowing.
Preparation of low-density membrane fractions
Low-density membrane fractions were prepared according to the method of Maeshima and Yoshida 13 for mung bean hypocotyl, with several modifications as follows. To prevent proteolysis during membrane isolation, we cut the plant tissue (500 g) into small pieces in icecold buffer (3 L) containing protease inhibitors [70 mM Tris-HCl (pH 8.0), 250 mM sorbitol, 2 mM EGTA, 4 mM dithiothreitol, 14.2 mM β-mercaptoethanol, 5% (w/v) polyvinylpyrrolidone-40, 2 mM MgSO 4 , 20 µM 4-amidinophenylmethylsulfonyl fluoride (Sigma, St. Louis, MO, USA), 1 µM pepstatin A (Nakarai, Kyoto, Japan), and protease inhibitor cocktail (Complete, EDTA-free, 1 tablet per 100 ml; Roche, Basel, Switzerland)]. The tissue was homogenized with a glass Dounce homogenizer (surface of contact, 4 by 20 cm; Ito Glass, Nagoya, Japan) and a glass pestle at 1,750 rpm for 3 min. The homogenate was centrifuged at 10,000 ×g for 5 min, and the resulting supernatant was passed through four layers of gauze and recentrifuged at 10,000 ×g for 30 min. The new supernatant (3.4 L) was passed again through four layers of gauze and then centrifuged at 100,000 ×g for 30 min in a Hitachi P42A centrifuge rotor (6 × 70 ml). The resulting combined microsomal pellet was suspended in 40 ml of suspension medium [2 mM dithiothreitol, 2 mM MgSO 4 , 10 mM Bis-Tris propane-MES (pH 7.2)] containing 1 M sucrose with the use of a small Dounce homogenizer (2.8 by 20 cm) and a glass pestle. The suspension was divided among six 35-ml centrifuge tubes and then overlaid sequentially with sucrose solutions of 0.75 M (9.4 ml), 0.5 M (9.4 ml), and 0.25 M (9.4 ml) in suspension medium. The tubes were centrifuged in a swing-bucket rotor (Hitachi RPS27) at 100,000 ×g for 2 hr. The material present at the interface between the 0.25 and 0.5 M sucrose layers (fraction A), at the inter-face between the 0.5 and 0.75 M sucrose layers (fraction B), and below the interface between the 0.75 and 1 M sucrose layers (fraction C) was collected. Each of the three fractions was diluted with suspension medium and centrifuged at 100,000 ×g for 1 hr, and the resulting pellets were suspended in 1 ml (fractions A and B) or 10 ml (fraction C) of suspension medium. The resulting suspensions were then assayed for protein content, chlorophyll, and marker enzyme activities.
Fractions A and B were subsequently combined and subjected to linear sucrose density gradient centrifugation. Portions of the combined suspension were overlaid on sucrose gradients of 20% to 40% (w/w) in four 12-ml tubes and centrifuged in a swing-bucket rotor (Beckman SW41Ti) at 100,000 ×g for 18 hr. Fractions (0.7 ml) were collected and assayed for the activity of the vacuolar membrane marker V-PPase. The four fractions containing the highest V-PPase activity were diluted with suspension medium to a volume of 104 ml and centrifuged in four 26-ml tubes (Hitachi P50A rotor) at 100,000 ×g for 1 hr. The resulting pellets were combined to yield the vacuolar membrane-enriched fraction. All procedures were performed at 4
• C.
Removal of peripheral membrane proteins
To remove peripheral proteins from the vacuolar membrane-enriched fraction, we washed the membranes sequentially with 100 mM KCl, with 200 mM KCl and 0.1% (w/v) sodium deoxycholate, with water, with 1 M NaSCN, and with water. The membrane fraction was suspended in 3 ml of each washing solution [all of which also contained amidinophenylmethylsulfonyl fluoride (5 µg/ml)] with the use of a small Teflon pestle in an Eppendorf tube. After gentle rotation at 20
• C for 30 min, the membranes were isolated by centrifugation at 100,000 ×g for 1 hr. For analysis of the proteins present in the supernatant of each wash by SDS-PAGE, the solution (3 ml) was concentrated and washed with 9 ml of water containing 5 µg/ml amidinophenylmethylsulfonyl fluoride with the use of a filtration device (Centricon YM-10; Millipore, Bedford, MA, USA). Finally, each solution was concentrated to 100 µl.
SDS-PAGE and immunoblot analysis
SDS-PAGE was performed according to the method of Laemmli.
14 Although the standard protocol for SDS-PAGE includes boiling of samples with SDS, because such boiling induces aggregation of membrane proteins, 15 we treated membrane samples with SDS at 45
• C for 10 min before electrophoresis. Alternatively, membrane proteins were dissolved in 110 µl of 2D-PAGE lysis buffer (Reagent 3; Bio-Rad, Hercules, CA, USA), which contains 5 M urea, 2 M thiourea, 2% (w/v) CHAPS, 2% (w/v) N-decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (SB 3-10), 40 mM Tris, 0.2% (w/v) BioLyte (pH 3 to 10), and 2 mM tributyl phosphine. The resulting solution was centrifuged at 8,000 ×g for 10 min, and 5 µl of the supernatant was mixed with 45 µl of SDS sample buffer. After incubation at 45
• C for 10 min, the mixture (20 µl) was analyzed by gradient 10-20% SDS-PAGE. After electrophoresis, proteins were stained with a silver stain kit (Daiichi, Tokyo, Japan).
For immunoblot analysis, proteins were transferred from the gel to a cellulose nitrate membrane (pore size, 0.45 µm; Advantec Toyo, Tokyo, Japan) with the use of a semidry blotting apparatus (Bio-Rad TransBlot SD). Rabbit polyclonal antibodies specific for radish TIP (originally designated VM23), 15, 16 for mung bean V-PPase, 13 for pumpkin BiP 17 provided by Ikuko Hara-Nishimura (Kyoto University), and for maize PATPase 18 were used as primary antibodies. Immune complexes were detected by a colorimetric reaction with alkaline phosphatase-conjugated goat antibodies to rabbit immunoglobulin G (Promega, Madison, WI, USA).
Measurement of enzymatic activities and
chlorophyll content Activities of ATPases and PPase were assayed as described. 19 In brief, ATPase activities of the vacuolar membrane, plasma membrane, and chloroplast and mitochondrial membranes were distinguished with the use of specific inhibitors: 100 nM bafilomycin, 100 µM sodium vanadate, and 1 mM sodium azide, respectively. V-PPase activity was assayed as K + -stimulated PPase activity.
19
The activity of the Golgi marker TX-stimulated IDPase was assayed by a modified version of the method described by Mitsui et al.; 20 the reaction mixture contained 4 mM sodium inositol diphosphate, 4 mM MgCl 2 , and 43 mM Bis-Tris propane-MES (pH 7.5), with or without 0.2% (w/v) Triton X-100. ATPase, PPase, and IDPase activities were determined colorimetrically by measuring the rate of phosphate liberation at 30
• C. Chlorophyll content was determined as described by Wintermans and De Mots. 21 Absorbance at 665 and 649 nm was measured in 95% (v/v) ethanol, and chlorophyll content (µg/ml) was calculated as the sum of 6.1A 665 plus 20.0A 649 .
In-gel protein digestion
Membrane-bound proteins (∼5 mg) were dissolved in 200 µl of SDS sample buffer, heated for 10 min at 45
• C, and fractionated by SDS-PAGE. The gel was stained with Coomassie brilliant blue (Wako, Osaka, Japan) and then cut with a razor blade into 24 pieces coinciding with the major protein bands. The gel slices were crushed by passage through a stainless steel mesh (pore size, 0.2 mm) and were then mixed with an equal volume of 100 mM Tris-HCl (pH 9.0) containing 0.1% SDS and lysylendopeptidase (2 µg/ml; Wako). After incubation of the mixture overnight at 37
• C, the gel pieces were re-moved with the use of Ultrafree-MC centrifugal filters (Millipore). The peptides remaining in the solution were subjected to HPLC either directly or after concentration under vacuum with the use of a Speed Vac centrifuge (Savant, New York, NY, USA).
Reverse-phase HPLC
Reverse-phase HPLC was performed with a Smart system (Pharmacia, Uppsala, Sweden), an ODS column (Denovosil ODS-HG-5, 1 by 10 mm; Nomura, Seto, Japan), and an ion-exchange precolumn (2.0 by 25 mm, Senshu Pak DEAE 650S; Senshu, Tokyo, Japan). Solvent A [0.1% trifluoroacetic acid (TFA)] was prepared with deionized water purified with a tandem Milli-RO and Milli-Q system (Millipore). TFA and acetonitrile (HPLC grade) were obtained from Wako. The columns were equilibrated with solvent A before sample application. Peptides were eluted at a flow rate of 50 µl/min with a linear gradient of acetonitrile that was generated by mixing solvent A and solvent B (0.065% TFA in acetonitrile).
Edman sequencing
Peptides obtained by HPLC were adsorbed to a polyvinylidene difluoride membrane with a Prosorb device (Applied Biosystems, Foster City, CA, USA). Microsequencing of peptides on the membrane was performed with an Applied Biosystems protein sequencer (model 491cLC).
Computer analysis
Comparison of the peptide sequences with the MATDB database (8 May 2001) was performed with the FASTA program 22 in the GCG package, version 10.0 (Genetics Computer Group, Madison, WI, USA).
Results
Preparation of low-density membrane fractions
Proteomic analyses of membrane proteins of plasma membrane-enriched fractions have been described previously for plants. 6, 23 Instead, we focused our analysis on membrane proteins of a low-density membrane fraction enriched in vacuolar membrane. We thus isolated membranes from the leaves and stems of 4-week-old plants of A. thaliana (see Materials and Methods). The crude membrane fraction was subjected to discontinuous sucrose density gradient centrifugation. White cloudy material that formed at the boundaries between sucrose solutions of 0.25 and 0.5 M (fraction A) and 0.5 and 0.75 M (fraction B) were collected. Green cloudy material below the boundary between sucrose solutions of 0.75 and 1 M and the pellet at the bottom of the tube were collected and combined (fraction C). Assay of these fractions for the activities of membrane-bound marker enzymes (Table 1) revealed that fractions A and B were enriched in the vacuolar membrane enzymes V-PPase and V-ATPase. Marker enzymes for the plasma membrane (vanadate-sensitive ATPase), chloroplast and mitochondrial membranes (azide-sensitive ATPase), Golgi apparatus (Triton X-100-stimulated inosine diphosphatase, or TX-stimulated IDPase), and ER (luminal binding protein, or BiP) as well as the chloroplast marker chlorophyll were also apparent in both fractions A and B. These two fractions were then combined and subjected to linear sucrose density gradient ultracentrifugation (Fig. 1a) , and low-density membrane fractions (27% to 33% sucrose) that contained the vacuolar membrane marker VPPase were collected for proteomic analysis. Immunoblot analysis also revealed the presence in these fractions of the plasma membrane H + 4-ATPase (P-ATPase) indicating that, although the combined fraction is enriched in vacuolar membranes, it also contains other membranes (Fig. 1b) .
Isolation of membrane-bound proteins
For analysis of proteins tightly associated with the vacuolar membrane, we first removed peripheral proteins as well as soluble proteins that might be trapped in membrane vesicles by washing the membrane fraction with salt, detergent, and a chaotropic agent. The membranes were thus washed with 100 mM KCl to remove proteins that bound to the membrane or to other membrane-associated proteins through electrostatic interaction. The membrane fraction was subsequently treated with 0.1% sodium deoxycholate in the presence of 200 mM KCl and then washed with the chaotropic salt NaSCN (1 M) in order to remove trapped soluble proteins and peripheral proteins that associated with other membrane-bound proteins. The supernatants from the various washes were also saved for protein analysis (Fig. 2a) . Finally, the membrane fraction was washed with deionized water to burst any remaining vesicles and release trapped proteins. The membranes were precipitated by centrifugation and subjected to protein analysis. Immunoblot analysis revealed the presence of TIP in the final membrane pellet but not in the various supernatants (Fig. 2b) .
Separation of peptides for Edman sequencing
The washed membrane fraction was solubilized in either 2D-PAGE lysis buffer or SDS-PAGE sample buffer and then analyzed by SDS-PAGE (Fig. 2a) . The 2D-PAGE lysis buffer was less effective than the SDS-PAGE sample buffer at solubilizing the membrane-bound proteins. Furthermore, even the proteins that were solubilized by the 2D-PAGE lysis buffer were not resolved well on 2D-PAGE gels (data not shown), due to aggregation or precipitation in the first-dimension gel.
As an alternative approach, we adopted a combination (Table 1) were combined and subjected to linear sucrose density gradient centrifugation. Fractions (0.7 ml) were collected and assayed for the activity of V-PPase. of SDS-PAGE, in-gel protease digestion of target proteins, and reverse-phase high-performance liquid chromatography (HPLC) of the resulting peptides before Edman sequencing. Polypeptides in the SDS-PAGE gel were stained with Coomassie brilliant blue and the gel was sliced into 24 pieces that coincided with the major protein bands. The size-fractionated proteins were digested in the gel slices with the lysylendopeptidase, which is active in the presence of 0.1% SDS. The resulting peptides from each gel slice were then subjected to reverse-phase HPLC (Figs. S1 to S24: http://www.dnares.kazusa.or.jp/11/2/04/supplement/supplement.html). We selected 163 well-separated peptide peaks on the HPLC profiles for Edman sequencing. The sequences of 69 peptides, comprising 5 to 15 amino acids, were determined definitively (Table 2) . In four instances, single HPLC peaks yielded two distinct peptide sequences, one major and one minor, indicating the presence of two distinct peptides in markedly different amounts (Table 2) . No sequence information was obtained from 98 peaks, either because they contained multiple peptides in similar amounts or because they yielded weak or no phenylthiohydantoin-amino acid signals after Edman degradation, probably as a result of blocking of the amino terminus or due to the presence of nonpeptide compounds.
Identification of membrane-bound proteins
The 69 eptide sequences obtained were compared with the protein sequences predicted from the sequence of the A. thaliana genome.
1 A computer search with the FASTA program identified either a single protein or multiple proteins for each peptide sequence (Table 3) . Short peptide sequences obtained from peaks, m05f22, m09f11, m10f29, m15f9, and m18f8 (Table 2 ) matched common sequences between distinct protein families. As these sequences are less informative, we did not include them for protein identification. In total, the 64 peptide sequences were assigned to 42 protein families, including two subfamilies of plasma membrane intrinsic proteins (PIP1 and PIP2). A total of 34 proteins were identified definitively from the peptide sequences.
Classification of assigned proteins and protein
families Twenty-three of the 42 protein families identified by the peptide sequences in our study were classified as transmembrane proteins in the MIPS A. thaliana database MATDB (http://mips.gsf.de/proj/thal/), with the numbers and positions of the transmembrane domains of these proteins having been predicted by the computer program TMHMM. 24 The remaining 19 protein families were categorized as membrane-anchored proteins, given that we removed peripheral proteins from the membrane fraction before analysis.
Among the representatives of the transmembrane protein families identified in the present study, V-PPase (At1g15690) and the glutathione S-conjugate (GSX) pump MRP1 (At1g30400) contained the highest number of transmembrane domains (14) whereas BiP (At5g28540 and At5g42020) and the α subunit of the putative signal sequence receptor (At2g21160) are predicted to harbor only one such domain. The determined peptide sequences Gel no. Peak no.
Amino acid sequence Gel no. Peak no. Amino acid sequence
Some HPLC fractions allowed the identification of two peptide sequences; given that the amounts of these peptides were so different, the amino acids derived from them could be distinguished as major and minor signals. In these instances, the peptide identification numbers contain the suffixes a and b. identified typical membrane proteins of both intracellular membranes and the plasma membrane. V-PPase and VATPase subunits of the vacuolar membrane, BiP of the ER, and PIPs and P-ATPase of the plasma membrane, all of which are abundant in their respective membranes, were thus identified (Table 3) . Neither mitochondrial nor chloroplast proteins were detected, suggesting a lack of contamination of the membrane fraction with these organelles.
The transmembrane proteins identified in the vacuolar membrane fraction included glucose, hexose, inorganic phosphate, and ammonium transporters as well as transporters putatively assigned for nitrate, zinc, and phosphate. A putative ABC transporter (At1g59870) was also detected in addition to MRP1 (At1g30400). MRP1, also an ABC protein, has previously been suggested to be localized in the vacuolar membrane. 25 In addition to the putative signal sequence receptor subunit (At2g21160), a ligand-gated ion channel-like protein (or glutamate receptor-like protein) encoded by At5g48410 was also identified. These results indicate that the approach adopted in the present study is suitable for the identification of transporters, channel proteins, and receptors.
Various types of membrane-anchored proteins, including GTP binding proteins, were also identified in the membrane-bound protein fraction (Table 3 ). The membrane localization of GTP binding proteins has been previously described in yeast and mammals. 26 These proteins are thought to perform similar functions in plants.
9−11 A membrane localization for the other proteins classified as membrane-anchored proteins in the present study has not previously been demonstrated. However, given that we washed the membranes used for our analysis with salt, detergent, and a chaotropic agent, all of the proteins listed in Table 3 likely localize to membranes.
EST database search
We searched the expressed sequence tag (EST) entries in the GenBank Arabidopsis EST database (AtEST, 113,330 sequences) (Table 3) for the genes encoding the proteins identified from the peptide sequences. Whereas most of the genes had corresponding EST clones, 9 genes whose products were definitively identified by specific peptide sequences had no EST clone. These 9 genes are thus likely expressed at a low level in the tissues used for membrane isolation.
Discussion
With the aid of peptide sequencing and the protein sequences predicted from annotation of the A. thaliana genome, we have identified membrane-bound proteins expressed by 4-week-old Arabidopsis plants. The difficulty of separating membrane-bound proteins and other hydrophobic proteins by 2D-PAGE is well recognized.
5−7
We also found that the solubility of membrane-bound proteins in 2D-PAGE lysis buffer was poor, and that the resolution of 2D-PAGE for the separation of membranebound proteins solubilized with this buffer was low. We therefore adopted an alternative proteomic approach consisting of separation of membrane-bound proteins on the basis of their molecular size by SDS-PAGE, in-gel protein digestion, fractionation of the resulting peptides by HPLC, and Edman sequencing. The peptide sequences thus determined were then used to identify the corresponding proteins. Of the 64 informative peptide sequences determined, 30 sequences were present in multiple proteins whereas 34 sequences were present in only one protein. Forty-two protein families, including two subfamilies, were identified by the search. The proportion of gene families in the Arabidopsis genome with more than two members is 65%.
1 With a similar proteomic approach involving tandem mass spectrometry for peptide identification, Simpson et al. 7 recently analyzed human membrane proteins in the LIM 1215 colon carcinoma cell line.
The computer program TMHMM predicted that the Arabidopsis membrane-bound proteins identified by peptide sequencing include members of 23 transmembrane protein families that contain 1 to 14 membrane-spanning domains. Given that transmembrane proteins with large numbers of membrane-spanning domains are not amenable to separation by 2D-PAGE, 6 ,7 our results demonstrate that the proteomic approach adopted in the present study is suitable for highly hydrophobic proteins, including transporters, channels, and receptors. In previous studies of plant membrane proteins by 2D-PAGE, most of the proteins identified were peripheral proteins, with only a few transmembrane proteins being so characterized.
6,27
Our use of the lysine-specific proteinase lysylendopeptidase for protein digestion may have prevented the identification of some proteins. For example, although TIPs were shown by immunoblot analysis to be abundant in the vacuolar membrane-enriched fraction, they were not identified by peptide sequencing. In contrast, several types of PIPs with molecular sizes similar to those of TIPs were identified. The predicted amino acid sequences of TIPs reveal that all of the possible peptides produced by proteinase digestion contain long stretches of hydrophobic residues. Such hydrophobic peptides may not separate well by HPLC under standard conditions. Indeed, we found that all of the peptides derived from radish TIPs, whose amino acid sequences are similar to those of Arabidopsis TIPs, were eluted from the HPLC column at an acetonitrile concentration of ∼80% with low resolution (data not shown). A more comprehensive analysis would thus require the digestion of membrane-bound proteins with additional proteinases such as trypsin and V8 protease.
About half of the membrane-bound proteins identified in the present study do not contain a membrane-spanning domain. We took precautions to exclude peripheral proteins and nonspecifically bound proteins from the final membrane preparation. The membranes were thus fractionated by both discontinuous and linear sucrose density gradient centrifugation and were washed with a solution of high ionic strength as well as with solutions containing detergent and a chaotropic ion. These washes resulted in substantial depletion of certain polypeptides as revealed by SDS-PAGE, suggesting that most peripheral proteins and contaminating soluble proteins were removed. We therefore classified the non-transmembrane proteins present in the final membrane fraction as membraneanchored proteins.
We identified four families of GTPase-related proteins among the membrane-anchored proteins.
In yeast and animals, various GTPase-related proteins contain hydrophobic membrane-anchoring molecules attached to their COOH-termini. 26 Membrane localization of plant GTPase-related proteins has also been demonstrated, 9−11 suggesting that the GTPase-related proteins identified in the present study are associated with membranes via similar membrane-anchoring molecules.
Four families of ribosomal proteins were identified in the Arabidopsis membrane fraction. Given that this fraction also contained ER membrane, as revealed by the presence of BiPs, it is possible that the ribosomal proteins were derived from rough ER. It is also possible that the ribosomal proteins represent contamination by abundant soluble proteins. The presence of ribosomal proteins in relatively large amounts was also demonstrated in human cancer cell membranes. 7 We are currently preparing antibodies specific for the various proteins identified in the present study. Immunostaining of Arabidopsis tissues or cells with such antibodies should provide further information on the subcellular localization of these proteins.
